Objectives. Cartilage defects are present in subjects with knee osteoarthritis (OA). Although they are often present in healthy subjects, there is little data on the natural history of cartilage defects. The aim of this study was to examine the change in cartilage defects over 2 yr and to identify factors associated with this change. Methods. One hundred and twenty-four healthy subjects underwent magnetic resonance imaging of their dominant knee at baseline and follow-up. Cartilage defects were scored (0-4) at five sites. Bone size was determined at medial and lateral tibial plateau and patella. Height, weight, body mass index and physical activity were measured by standard protocols. Results. Eighty-six subjects completed the study. The mean cartilage defect score of each tibiofemoral compartment increased over time. However, medial and lateral tibiofemoral defect score decreased in 5% of the subjects. Cartilage defects were more likely to progress in males than females in each individual compartment (P_0.001 for medial tibiofemoral, P^0.005 for lateral tibiofemoral and P^0.01 for patellar cartilage). Baseline cartilage defect score was negatively associated with the progression of cartilage defects in each compartment (all P_0.001). Conclusion. Although knee cartilage defects progressed over time in the majority of normal subjects, those of the highest severity tended to regress. Male gender and baseline cartilage defect score were the main factors associated with the progression of cartilage defects. Larger studies will be required to identify factors associated with the progression and regression of lesions.
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Cartilage defects are commonly found in the subjects with knee osteoarthritis (OA) [1, 2] and those with knee pain requiring arthroscopy [3] . Full-thickness cartilage defects in conjunction with subchondral cortical bone defects are more likely to be associated with pain in subjects with radiographic OA [4] . Cartilage defects have been shown to be associated with radiographic features, including Kellgren-Lawrence score and the presence of osteophytes [1, 2, 5] . It has been shown that femoral condylar defects may lead to knee OA in an experimental model [6] .
Cartilage defects may be found in healthy subjects, without knee pain or radiographic OA [3, 7, 8] . Little is known about their determinants, although they may be related to trauma [9] . We have shown that the prevalence and severity of knee cartilage defects increased with age and body mass index (BMI) in a crosssectional study of healthy subjects [10, 11] . The severity and prevalence of knee cartilage defects were also significantly and independently associated with tibiofemoral osteophytes, tibial bone area, knee cartilage volume and urinary levels of C-terminal crosslinking telopeptide of type II collagen, suggesting an important role of knee cartilage defects in early OA [12] .
Longitudinal studies of cartilage defects in healthy asymptomatic knees to determine whether they are potential risk factors for OA have not been performed. A retrospective cohort study evaluated the progression of knee cartilage defects using magnetic resonance imaging (MRI) in 43 patients with knee pain who had undergone repeat MRI of the same knee on two occasions. It was shown that the presence of meniscal and anterior cruciate ligament tears was associated with more rapid cartilage loss. Cartilage lesions identified in the central region of the medial compartment were prone to more rapid progression of cartilage loss when compared with those in the anterior and posterior regions of medial tibiofemoral compartment or the lateral tibiofemoral compartment [13] .
We have recently shown that the presence of tibiofemoral cartilage defects is associated with reduced cartilage volume in the respective compartment in healthy middle-aged adults, and cartilage defects were prospectively associated with knee cartilage loss in the medial tibiofemoral compartment [8] . This suggests that interventions aimed at reducing or reversing cartilage defects may reduce the risk of subsequent knee OA [8] . Given the clinical importance of cartilage defects, it is important to identify the risk factors affecting the progression of cartilage defects over time. We performed a longitudinal cohort study of healthy subjects to examine the change in cartilage defects over 2 yr, and to identify the factors associated with this change.
as previously described [14, 15] . Exclusion criteria included: any form of arthritis other than OA, including chondrocalcinosis on plain films, those experiencing significant knee pain, previous significant knee injury requiring non-weight-bearing treatment for >24 h or surgery (including arthroscopy), contraindication to MRI (including pacemaker, metal sutures, presence of shrapnel, iron filings in eye or claustrophobia), hemiparesis of either lower limb or planned total knee replacement. The study was approved by the Alfred Hospital Human Research Ethics Committee in Melbourne, Australia. All participants gave written informed consent.
Subjects completed a questionnaire that included demographic data, past medical and surgical history, and current physical activity [16] . Weight was measured to the nearest 0.1 kg using a single pair of electronic scales with shoes, socks and bulky clothing removed. Height was measured to the nearest 0.1 cm using a stadiometer with shoes and socks removed. BMI (weight/height 2 , kg/m 2 ) was calculated. Current physical activity was a composite score of total amount of walking (0-4) plus activity at home (0-4) plus sporting activity (0-4) [16] .
Each subject had an MRI performed on their dominant knee, defined as the lower limb from which they step off when walking, at baseline and approximately 2 yr later. Knees were imaged in the sagittal plane on a 1.5-T whole-body magnetic resonance unit (Signa Advantage Echospeed; GE Medical Systems, Milwaukee, WI, USA) using a commercial transmit-receive extremity coil. The following sequence and parameters were used: a T1-weighted fat-suppressed 3D gradient recall acquisition in the steady state; flip angle 55 ; repetition time 58 ms; echo time 12 ms; field of view 16 cm; 60 partitions; 512 (frequency direction, superiorinferior) Â 512 (phase encoding direction, anterior-posterior) matrix; one acquisition, time 11 min 56 s. Sagittal images were obtained at a partition thickness of 1.5 mm and an in-plane resolution of 0.31 Â 0.31 mm (512 Â 512 pixels).
Cartilage defects were graded on the above MRIs with a modification of a previous classification system [17] [18] [19] , as we have previously described [8, 12, 20, 21] , at medial tibial, medial femoral, lateral tibial, lateral femoral and patellar sites as follows: grade 0, normal cartilage; grade 1, focal blistering and intracartilaginous low-signal intensity area with an intact surface and bottom; grade 2, irregularities on the surface or bottom and loss of thickness of less than 50%; grade 3, deep ulceration with loss of thickness of more than 50%; grade 4, full-thickness cartilage wear with exposure of subchondral bone. We found that cartilage surface in some images was still regular but cartilage adjacent to subchondral bone became irregular, so we included these changes in the classification system. A cartilage defect also had to be present in at least two consecutive slices. The cartilage was considered to be normal if the band of intermediate signal intensity had a uniform thickness. A trained observer (C.D.) scored cartilage defects from the participants' MRIs. The baseline and follow-up cartilage defects were graded in duplicate (the cartilage defects were regraded 1 month later), unpaired and blinded to the sequence. The defect scores at medial tibiofemoral (0-8), lateral tibiofemoral (0-8) and patellar (0-4) compartments were used in the study. A prevalent cartilage defect was defined as a cartilage defect score of !2 at any site within that compartment. Intraobserver reliability (expressed as intraclass correlation coefficient, ICC) was 0.90 for the medial tibiofemoral compartment, 0.89 for the lateral tibiofemoral compartment, and 0.94 for the patellar compartment. Interobserver reliability was assessed in 50 MRIs and yielded an ICC of 0.90 for the medial tibiofemoral compartment, 0.85 for the lateral tibiofemoral compartment, and 0.93 for the patellar compartment [10, 11] .
Bone size was measured by means of image processing on an independent work station using the software program Osiris to determine medial and lateral tibial plateau areas and patellar volume, as previously described [14, 22, 23] .
Descriptive statistics for characteristics of the subjects were tabulated. The t-test was used to compare means. The MannWhitney U-test was used to compare nominal characteristics between the groups. The principal outcome measure in analyses was the change in cartilage defect score over time, which was obtained by subtracting the baseline cartilage defect score from the follow-up score. Stepwise multiple linear regression techniques were used to explore the possible factors affecting the change in cartilage defect score, including age, gender, BMI, physical activity, baseline bone size, and baseline cartilage defect score. A P-value less than 0.05 (two-tailed) was considered to be statistically significant. All analyses were performed using the SPSS statistical package (standard version 11.5.0; SPSS, Chicago, IL, USA).
Results
One hundred and twenty-four subjects entered the study. Baseline characteristics of the study population are presented in Table 1 . Females tended to be older than males, had smaller tibial plateau and patellar bone, higher mean physical activity score and a higher proportion of severe tibiofemoral cartilage defects than males. Although a high proportion of subjects had tibiofemoral cartilage defects (35% for medial and 48% for lateral), these were not severe defects, the mean tibiofemoral cartilage defect score being low (2.0 AE 1.0 for medial and 1.9 AE 1.0 for lateral).
Eighty-four (68%, 56 females, 28 males) subjects completed the longitudinal MRI component of the study. There were no significant differences in terms of age (55. , P ¼ 0.14), patellar bone volume (20.7 AE 4.4 vs 21.3 AE 6.4 ml, P ¼ 0.63) and cartilage defect score (2.0 AE 1.1 vs 1.9 AE 0.9 for medial tibiofemoral, P ¼ 0.34; 1.9 AE 1.0 vs 1.9 AE 1.1 for lateral tibiofemoral, P ¼ 0.88; 1.2 AE 1.1 vs 1.1 AE 0.9 for patellar, P ¼ 0.45) between the subjects who completed the study and those who did not. However, subjects who completed the study had a significantly higher level of physical activity than those who did not complete the study (7.2 AE 1.8 vs 6.3 AE 1.7, P ¼ 0.009). Table 2 depicts the natural progression of the cartilage defects. Grade 1 cartilage defects were the most prevalent of the defects, accounting for 47% of the defects found at baseline and 59% of the defects found at follow-up. Among the 117 grade 0 defects identified at baseline, 111 (95%) progressed to grade 1, 2, or 3, six (5%) did not change. Grade 0 defects were most likely to progress to grade 1 defects. In comparison, 112 (57%) of 196 grade 1 defects did not change, 82 (42%) progressed to grade 2 or 3 ( Fig. 1) and two (1%) reverted to grade 0. Of the 88 grade 2 defects identified, 53 (60%) did not change, 27 (31%) reverted to grade 1 and eight (9%) progressed to grade 3 or 4 (Fig. 1) . Among the 14 grade 3 defects, six (43%) reverted to grade 1 or 2, five (36%) progressed to grade 4 and three (21%) did not change. Of the five grade 4 defects, four (80%) reverted to grade 1, 2 or 3 ( Fig. 2) and one (20%) did not change. Severe cartilage defects (grades 3 and 4) were more likely to revert to less severe lesions. Cartilage defects were scored (0-4) at five sites (medial and lateral tibial and femoral condyles, and patellar cartilage) at baseline and follow-up on 84 subjects. Values shown within the table indicate the number of graded cartilage defects found at baseline (vertical axis) and their corresponding grade at follow-up (horizontal axis).
The change in cartilage defect scores over 2 yr is presented in Table 3 . The mean cartilage defect score in each tibiofemoral compartment increased over the study period. The patellar cartilage defect score did not increase significantly over the study period. The medial and lateral tibiofemoral compartments' total cartilage defect scores increased in 63 and 65% of the subjects, respectively, remained unchanged in 32 and 30%, respectively, and decreased in 5% in each compartment. The patellar cartilage defect score increased in 36%, remained unchanged in 46% and decreased in 18% of the subjects (Table 3) .
Factors affecting change in medial and lateral tibiofemoral cartilage defects were similar (Table 4 ). In both univariate and multivariate analyses, medial and lateral tibiofemoral compartment cartilage defects were more likely to progress in males than in females (in univariate analysis P50.001 for both medial and lateral; in multivariate analysis, P50.001 for medial and P ¼ 0.005 for lateral compartment). When the percentages of subjects with scores that were increasing, remaining stable and decreasing were examined using the 2 test (linear by linear association), there was a significant trend for males to progress more than females in all cartilages (P for trend 50.001 for all cartilages except the lateral femoral cartilage, P ¼ 0.026). Baseline medial and lateral tibiofemoral cartilage defect scores were negatively associated with the progression of tibiofemoral cartilage defects (all P50.001) ( Table 4) . When the individual cartilages were examined separately, age was positively associated with the progression of cartilage defects in lateral tibiofemoral compartment in multivariate analyses (P ¼ 0.04), and BMI was positively associated with the progression of lateral femoral cartilage defects only (P ¼ 0.03).
Factors affecting change in patellar cartilage defects are presented in Table 4 . In both univariate and multivariate analyses, patellar cartilage defects were more likely to progress in males compared with females (P ¼ 0.001 and P ¼ 0.01, respectively). Baseline patellar cartilage defect score was negatively associated with the progression of patellar cartilage defects (all P50.001). Although patellar bone volume was positively associated with the progression of patellar cartilage defects in univariate analyses (P ¼ 0.005), this association was not significant after adjusting for age, gender, BMI, physical activity and baseline cartilage defect score in multivariate analyses (P ¼ 0.92).
Discussion
We found that whilst knee cartilage defects tended to progress over 2 yr in most normal subjects, there was a tendency to improve Change in cartilage defects score per unit increase in respective variable after adjusting for age, gender, body mass index, physical activity, baseline bone size, and baseline cartilage defect score in regression equation. as lesions became more severe. Male gender and baseline cartilage defect score were the main factors that affected the progression of cartilage defects. Cartilage defects were more likely to progress in males compared with females in each knee compartment (medial and lateral tibiofemoral and patellar). The baseline cartilage defect score was negatively associated with cartilage defect progression in each compartment. There was a suggestion that age and BMI may also be positively associated with progression of cartilage defects in the lateral tibiofemoral compartment. Few previous longitudinal studies have examined the change in cartilage defects in normal subjects. The only published retrospective cohort study evaluated the progression of knee cartilage defects in 43 symptomatic subjects, with serial clinically indicated MRI scans over 52-285 weeks [13] . This study found that the presence of meniscal and anterior cruciate ligament tears was associated with more rapid cartilage loss [13] . Our population was different, being healthy and free of significant pain or injury. It may be that the cartilage defects have a fluctuating course with a significant proportion improving in the absence of factors such as mechanical instability, as seen in those with meniscal and anterior cruciate ligament tears.
In this study, we found that baseline cartilage defect score was negatively associated with cartilage defect progression. It is possible that this reflects regression to the mean. However, our results show that progression is less likely in those with more severe defects, and that the progression of cartilage defects is more rapid in the early stages, when the cartilage defects are mild. In our study, few subjects had severe cartilage defects (grade 3 or 4) at baseline, so it is less likely that the negative association resulted from ceiling effect due to severe disease. In fact, most of those with severe cartilage defects improved in our study. Although knee cartilage defect score was found to increase over the 2 yr in most subjects (63% for medial tibiofemoral, 65% for lateral tibiofemoral and 36% for patellar), the defect score remained unchanged in 32% of the subjects for medial tibiofemoral, 30% for lateral tibiofemoral and 46% for patellar compartment, and decreased in 5% for each tibiofemoral compartment and 18% for the patellar compartment. Indeed, when compared according to the severity of defects, the more severe defects showed an increased tendency to improve. Whilst this may have been due to measurement error, our reproducibility was high. The slice thickness of our MRI images was 1.5 mm, and the definition of a cartilage defect is that it had to be present in at least two consecutive slices. The reversion to a lower grade cartilage defect is likely to be explained only in part by the partial volume averaging of the MRI and errors in our grading (including problems with position). Thus, these data suggest that there may be some repair of articular cartilage [24, 25] .
In this study, age and gender affected the progression of cartilage defects, which is consistent with our finding that these same factors are associated with cartilage defects in healthy subjects in cross-sectional studies [10, 11] . It has been well established that age and obesity are strong risk factors for knee OA [26] . We have shown that with increased age and BMI, the likelihood of knee cartilage defect progression is increased. It is possible that these changes play a role in the pathogenesis of OA. In this study we showed that cartilage defects were more likely to progress in males compared with females. Males had significantly lower baseline cartilage defect score than females in our study, which might, in part, explain this.
Our study has a number of potential limitations. Firstly, our subjects were generally healthy, with few (four cases) having radiographic knee OA. Repeating our analyses excluding those who had OA did not change the magnitude or direction of our findings. Thus, it is unlikely that our findings are due to significant pre-existing OA. Secondly, our sample size may not be large enough to identify weaker associations between age and cartilage defect progression in the medial tibiofemoral or patellar compartment, or between BMI and cartilage defect progression.
Larger studies will be needed. Thirdly, the loss to follow-up in our study may introduce bias. However, there was no significant difference between those who completed the follow-up study and those who did not in terms of previously reported risk factors for cartilage defects (age and BMI) [10, 11] . Fourthly, we were unable to comment on meniscal or cruciate ligamental pathology, the factors shown to be associated with progression in subjects with clinically significant pain, given the sequences used in this study. This is the first longitudinal study of healthy subjects to examine the natural history of cartilage defects. We have shown that cartilage defects tend to progress in most healthy people and that, in general, the risk factors for progression of cartilage defects are similar to the risk factors for knee OA. There are some data to suggest that articular cartilage defects may lead to OA. Lefkoe et al. [6] performed a study using surgical model of articular condylar defects in rabbits. Progressive OA changes were confirmed by radiographic, histological and biochemical parameters 20 weeks after the creation of 5-mm femoral condylar defects, suggesting that articular condylar defects may lead to knee OA [6] . A recent human cross-sectional study in healthy subjects showed that the severity and prevalence of knee cartilage defects were associated with tibiofemoral osteophytes, a reduction in knee cartilage volume, an increase in tibial bone area and urinary levels of C-terminal crosslinking telopeptide of type II collagen [12] , suggesting that knee cartilage defects may play a role in early knee OA. Taken together, these data suggest that interventions aimed at preventing or treating cartilage defects may have an important role in the prevention of knee OA.
Although knee cartilage defects progressed over time in the majority of normal subjects, those of the highest severity tended to regress. Male gender and baseline cartilage defect score were the main factors associated with the progression of cartilage defects. Larger studies will be required to identify factors associated with the progression and regression of lesions. Further studies will be needed to determine the impact of cartilage defects on the development of knee OA and whether interventions aimed at modifying them will affect the risk of knee OA.
